Slow-release formulations of the herbicide MCPA by using clay-protein composites by Alromeed, A. A. et al.
For Peer Review
1 
 
 
Running title: Clay-protein based formulations of herbicides 
 
SLOW RELEASE FORMULATIONS OF THE HERBICIDE MCPA BY USING 
CLAY-PROTEIN COMPOSITES. 
 
Alaa-Aldin Alromeed
1
, Laura Scrano
2
, Sabino Bufo
1
, Tomás Undabeytia
3*
 
 
 (1). Department of Science, University of Basilicata, Via dell’Ateneo Lucano 10, 
85100 Potenza, Italy. 
(2). Department of European Culture (DICEM), University of Basilicata, Via S. Rocco, 
75100 Matera, Italy. 
(3). Institute of Natural Resources and Agrobiology (IRNAS-CSIC), Apdo. 1052. 41080 
Sevilla, Spain. 
 
*Corresponding author; phone: +34-954624711; fax: +34-954624002; e-mail: 
undabeyt@irnase.csic.es 
Page 1 of 33
http://mc.manuscriptcentral.com/pm-wiley
Pest Management Science
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
Postprint of: Pest Management Science 71 (9) 1303-1310 (2015)
For Peer Review
2 
 
ABSTRACT 1 
BACKGROUND: MCPA [(4-chloro-2-methylphenoxy) acetic acid] is a widely used 2 
herbicide showing a high leaching in the soil. In this study, clay-protein-based-3 
formulations of this herbicide were designed to reduce the risk of water pollution 4 
resulting from conventional formulations.  5 
RESULTS: Clay-gelatin formulations of MCPA were prepared and the influence of 6 
synthesis parameters such as pH and the presence of a plasticizer (glycerol) on the 7 
active substance content and performance of the new formulations were examined. 8 
Differential scanning calorimetry (DSC) measurements provided information on the 9 
stability of the gelatin matrix in the gelatin-clay complex. Fourier transformed infrared 10 
(FTIR) spectroscopy showed that the herbicide was retained by the formation of 11 
hydrogen bonds with side amino groups of the protein backbone and polyion 12 
complexation. Clay-protein-based-formulations prepared at a pH below the isoelectric 13 
point (pI) value of the protein and in the absence of glycerol provided the slowest 14 
release of MCPA in water. Soil columns experiments showed a four-fold reduction in 15 
leaching and improved bioactivity in the upper soil layer for the new formulation 16 
compared to a commercial product used as a control.  17 
CONCLUSIONS: A reduction in the recommended dose of MCPA can be achieved by 18 
employing clay-gelatin, which reduces the environmental risk associated with herbicide 19 
applications.  20 
 21 
Key words: MCPA, clay, protein, herbicide formulations, slow release, soil 22 
23 
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1. INTRODUCTION 1 
Concern regarding the protection of watersheds has been increasing in recent 2 
years due to the frequent detection of organic pollutants in groundwater. Pesticides are 3 
needed to increase crop production, although losses of these chemicals, even when used 4 
at the recommended rate, can cause the pollution of groundwater and surface waters.
1,2 
5 
To minimise the adverse impact of agrochemicals, the application of pesticides such as 6 
herbicides requires knowledge of good agricultural practices including the compatibility 7 
between the chemical properties of both the soil and the active substance being applied. 8 
In addition, more stringent regulations are being implemented. In Europe, the amount of 9 
a single pesticide compound in drinkable water cannot exceed 0.1 µg L
-1
, and the total 10 
pesticide content must remain lower than 0.5 µg L
-1
 (Directive 91/414/EC). Moreover, 11 
the European Water Framework Directive (WFD) (Directive 2000/60EC) has 12 
established a series of guidelines for all of the state members for the conservation, 13 
protection and improvement of water quality and its sustainable use.  14 
The use of slow-release formulations (SRFs) can provide a promising solution 15 
for the delivery of an active substance to the targeted site, and the reduction of 16 
environmental losses. SRFs exhibit lower initial concentrations but suffice for pest 17 
control, and are maintained in the upper layer of the soil, or in general, the target site, 18 
above the minimum threshold of activity for longer times. As a consequence, repetitive 19 
applications or the use of the high levels that are necessary to achieve the desired 20 
bioefficacy can be reduced when using SRFs. Numerous types of matrices have been 21 
used in the development of slow-release formulations, with a particular emphasis on the 22 
use of polymers. SRFs of 2,4-D prepared by the acylation of transaminated 23 
polyacrylamides on the pesticide have been descrived, 
3
 and polyurethane 24 
microcapsules of the insecticide pyriproxyfen have been synthesised by conventional 25 
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interfacial condensation.
4
 A SRF of imazapyr has been developed using 1 
montmorillonite-polydiallyldimethylammonium composites, 
5
 and malathion 2 
microspheres have been obtained by the blending of poly-3-hydroxybutyrate and ε-3 
caprolactone.
6 
 4 
Recently, the use of natural polymers in the design of SRFs has been gaining 5 
importance over the use of synthetic polymers because of their eco-friendly nature, 6 
availability and high biodegradability. Lignin-based formulations have been prepared 7 
for the insecticides cyromazine and imidacloprid, as well as the herbicide isoproturon.
7
 8 
Carboxymethylcellulose gel has been used to encapsulate the herbicide 2,4-D to obtain 9 
its controlled release,
8
 and cyclodextrin and zeolite-NaY have been used to include the 10 
herbicide rimsulfuron either for environmental protection or slow-release purposes.
9
 11 
Slow-release ethylcellulose-based formulations of the herbicide norflurazon have been 12 
prepared using the solvent evaporation technique,
10
 and alginate beads of pesticides 13 
have been prepared by ionotropic cross-linking of sodium alginate with calcium and/or 14 
metals.
11
 The use of microbial polyesters such as polyhydroxyalkanoates as a carrier for 15 
lindane has also been reported.
12
 16 
Proteins are natural polymers that are used in numerous applications, including 17 
food packaging, biosensors, paints, and cosmetics, due to their interesting 18 
characteristics such as their film-forming ability, elasticity and gas barrier properties. 19 
Proteins have been used commercially in controlled release applications, although the 20 
focus of this work has been the delivery of therapeutic drugs.
13
 Currently, there is 21 
growing interest in the use of commercial proteins for reduction of environmental 22 
impact in environmental issues. One example is the production of bioplastics from 23 
proteins, typically by means of a blending process with a plasticiser followed by cast 24 
moulding under specific pressure and temperature conditions. This system was 25 
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proposed for release of agrochemicals, which may be modulated by the use of 1 
hygroscopic modifiers.
14
 Additionally, the introduction of clay minerals, such as 2 
montmorillonites, can enhance the mechanical and thermal properties of protein-based 3 
materials.
15
 4 
In the current work, we demonstrate the potential use of protein-clay composites 5 
for the development of environmentally friendly formulations of the herbicide MCPA 6 
[(4-chloro-2-methylphenoxy)acetic acid]. MCPA is widely used for the control of 7 
annual broadleaf weeds. However, at the pH of common soils, this herbicide remains 8 
mostly anionic with negligible sorption to soil colloids, thus giving rise to a high risk of 9 
leaching and contamination of aquifers and surface waters.
16, 17
 Owing to their 10 
abundance and reduced cost, gelatin, a mixture of peptides and proteins produced by the 11 
partial hydrolysis of collagen,
18
 and montmorillonite, a clay mineral belonging to 12 
smectite group, were used in this study. In a previous study, Kandil et al.
19
 reported the 13 
production of controlled-release formulations of MCPA using gelatin composites 14 
composed of additives other than those used in this current study.  15 
The objectives of this work were as follows: (i) to design SRFs of the herbicide MCPA 16 
using montmorillonite-gelatin composites; (ii) to study the influence of synthesis 17 
parameters, such as pH and the presence of a cross-linking agent (glycerol), on the 18 
performance of MCPA formulations; (iii) to obtain insight into the molecular 19 
mechanisms involved in the prepared formulations; and (iv) to test the designed 20 
formulations in reducing the leaching and maintaining the herbicide’s efficacy with 21 
respect to a commercial formulation used as a control.  22 
 23 
2. MATERIALS AND METHODS 24 
2.1. Materials  25 
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Wyoming Na-montmorillonite (SWy-2) clay, obtained from the Source Clays 1 
Repository of The Clay Minerals Society (Columbia, MO, USA) (cation exchange 2 
capacity (CEC) of 0.8 mmol g
-1
), was used in the composite material. Gelatin from 3 
porcine skin type A (pI of 7.9-9.0), glycerol, sodium dodecyl sulphate (SDS), 4 
analytical-grade MCPA, HPLC-grade methanol and HPLC-grade acetonitrile were 5 
purchased from Sigma-Aldrich (Sigma Chemical Co., St Louis, MO, USA). A 6 
commercial formulation of MCPA (MCPA 750 SL, 75% w:v) was kindly supplied by 7 
DBQ S.L. (Alcalá de Guadaira, Seville, Spain). Figure 1 shows the structural formula of 8 
the herbicide and some relevant physicochemical properties. 9 
The upper horizon (0-20 cm) of a sandy soil collected from Coria (Seville, Spain) was 10 
passed through a 2 mm sieve before use. This soil contained 8.6% CaCO3 and 0.7% 11 
organic matter and had a pH of 7.8.  12 
 13 
2.2.Preparation of clay-protein formulations 14 
Na-MCPA was added to a gelatin solution that was previously prepared by dissolving 1 15 
g of gelatin powder into 25 mL of distilled water at 50 ºC. The amount of herbicide was 16 
added to comprise 30% of the total weight of the formulation. The gelatin solution 17 
(previously spiked with the herbicide) was added dropwise under vigorous stirring to an 18 
ultrasonically pretreated montmorillonite suspensions at 2% (w:v). Aliquots of either 19 
HNO3 or NH4OH were used to adjust the pH to 5, 8.5 and 10, respectively 20 
corresponding to levels less than, equal to and greater than the pI of the protein (8.5). 21 
Subsequently, the suspensions were dried-frozen, and the dried material was ground and 22 
sieved at 500 µm. A series of formulations for each chosen pH value was prepared of 23 
obtain a final clay content of 30% of the total formulation weight. In some formulations, 24 
glycerol was added to the gelatin solution as a cross-linker at 3 and 30% w:w. Similarly, 25 
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a set of clay-protein composites were prepared in the absence of MCPA for comparison. 1 
A nomenclature for the protein-clay formulations was introduced (Table 1). The active 2 
substance (a.s.) content of the formulations was determined in triplicate by adding 20 3 
mL of a 0.1% SDS solution to 10 mg of the formulation. The suspensions were 4 
sonicated for 15 min, shaken for 24 h at 25 ºC, and then centrifuged, and the herbicide 5 
was analysed by high performance liquid chromatography (HPLC) (Shimadzu Model 6 
10A) with PDA detection. The analytical conditions were as follows: 15 cm Kromasil 7 
100 C18 reverse phase column; flow rate 1.0 mL min
-1
; mobile phase, 60% acetonitrile 8 
and 40% water, pH adjusted to 3 using AcOH; a wavelength of 220 nm. The retention 9 
time of MCPA was 7.5 min under these conditions. An analytical calibration curve 10 
(R
2
=0.9966) was obtained by determining the peak area for standard solutions in a 11 
concentration range of 0.1-30 mg L
-1
. The analytical sensitivity and the detection and 12 
quantification limits were 0.002, 0.006 and 0.019 mg L
-1
, respectively. 13 
 14 
 2.3. FTIR spectroscopy 15 
FTIR spectra of the herbicide, clay-gelatin complex and herbicide formulations 16 
prepared in KBr pellets (2% w:w sample) were recorded using a JASCO FT-IR 6300 17 
spectrometer with a DTGS detector, in the range of 4000-400 cm
-1
. The resolution was 18 
set to 2 cm
-1
.  19 
 20 
 2.4. DSC measurements 21 
Thermal analysis by DSC was conducting using a Mettler apparatus equipped with an 22 
FP85 furnace. Samples (10 mg) were placed in aluminium pans, covered with lids, and 23 
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pierced to permit gas release during the heating process, which was performed under a 1 
static air atmosphere. The following conditions were used: heating rate, 10 ºC min
-1
; 2 
temperature range, 30 to 300 ºC. 3 
 2.5. Atomic force microscopy (AFM) 4 
Samples of the formulations were fixed on silicon sheets using specialised adhesive tape 5 
and mounted on sample holder. The tests were performed at room temperature using a 6 
Park atomic force microscope (model XE-120). At least 3 specimens were tested. An 7 
area of 6.25 µm
2
 was analysed for each sample at a resolution of 32
2
 pixels. 8 
Topographical images were recorded in tapping mode (TM-AFM) using an integrated 9 
silicon tip/cantilever within a 25 µm
2
 area at a resolution of 256
2
 pixels. The data were 10 
analysed by applying Hertz model. The average roughness ( ) was calculated as 11 
follows: 12 
 13 
where  is the vertical distance between the mean line and the height of the j
th
 point. 14 
The cantilever spring constant calibration of the Young’s modulus was performed using 15 
the Thermal Tune method.  16 
 17 
2.6. Release of MCPA in water 18 
Static slow release from the clay-protein formulations in water was measured by adding 19 
16 mg of active substance to 10 mL of deionized distilled water. The temperature during 20 
the course of this experiment was kept at 20ºC. After 1, 24 and 48 h, solution aliquots 21 
samples (0.5 mL) were collected and analysed to determine the herbicide level. The a.s. 22 
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to water ratio used was within a range that is usually applied by spray application onto 1 
crops after dilution in water (0.1-1.0%).  2 
 3 
 2.7. Soil columns experiments 4 
Metacrylate tubes (3.0 cm in diameter) were cut into 4- and 8-cm sections, and three 4-5 
cm units were glued together, with an 8-cm unit at one end, to construct a 20-cm 6 
column. The column was covered at the end opposite to the 8-cm unit using a 1 mm 7 
nylon screen padded with a thin layer of glass wool (0.5 g) to hold the soil firmly in the 8 
column. Sand soil (0.164 Kg) was packed from the top of the column (8-cm section), 9 
creating a 16-cm soil column that could be readily separated into 4-cm segments. The 10 
pore volume was determined to be 46 mL. 11 
Three mL of suspensions of the commercial and clay-gelatin formulations of MCPA 12 
were sprayed at the soil surface at a rate of 1 Kg a.s. ha
-1
. Soil column experiments were 13 
performed in triplicate. Distilled water equivalent to 70 mm of rain (50 mL) was added 14 
at the top of the column. The leachates were collected and analysed to determine the 15 
herbicide level. 16 
After 24 h of water addition, each soil column was separated into four 4-cm -segments. 17 
Two replicate samples containing 2 g of soil were dried at 105ºC for 24 h to determine 18 
the humidity of each soil segment. The amount of the herbicide remaining in each 19 
segment was extracted in triplicate by shaking 2 g of soil with 10 mL of 0.1 M KH2PO4 20 
for 24 h. The suspensions were centrifuged, and the herbicide levels were analysed by 21 
HPLC. 22 
 23 
 2.8. Bioactivity 24 
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The bioactivity of the formulations was determined by measuring the reduction of the 1 
fresh weight of sunflower shoots (Helianthus annuus) with respect to a control.  2 
Six beakers containing 15 g of soil treated with each formulation at a rate of 1 Kg ha
-1
 3 
were planted with 5 sunflower seeds and irrigated daily, and the bioactivity was 4 
estimated after 2 weeks. Similarly, the residual bioactivity of the herbicide throughout 5 
the first two upper units of each column (used in the soil column experiments) was also 6 
determined.  7 
 8 
 2.9 Data analysis 9 
A one-way ANOVA was used to analyse the differences between the released amount 10 
of active ingredient of the formulations and the incubation time. A one-way ANOVA 11 
was also used to estimate the differences in leaching and herbicidal activity between 12 
formulations and soil depths. The means were compared by conducting Student’s t-test 13 
(α=0.05) using the SAS software (SAS Institute, Cary, NC, USA). 14 
 15 
3. RESULTS AND DISCUSSION 16 
3.1. Clay-gelatin formulations 17 
Table 1 shows the clay-gelatin-based-formulations prepared under different reaction 18 
conditions, such as the presence or absence of a plasticizer and variations in the 19 
equilibration pH during synthesis. Approximately the same quantity of active substance 20 
was measured in all formulations, although the amount was slightly less with increasing 21 
pH and glycerol levels.  22 
 23 
3.2. FTIR spectroscopy 24 
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The formulations were examined using FTIR spectroscopy to elucidate the interactions 1 
between MCPA and the matrix, which can affect the release rate of the herbicide 2 
(Figure 2). The spectrum of the pristine herbicide showed absorption bands at 1606 and 3 
1442 cm
-1
 due to the anti-symmetrical and symmetrical stretching bands of carboxylate 4 
groups, indicating that all the herbicide was dissociated and forming a sodium salt. The 5 
bands at 1244 and 1054 cm
-1
 can be assigned to the C-O stretch of the ether group. The 6 
broad absorption band from 3600 to 2500 cm
-1
 is typical of hydroxyl groups. In 7 
concrete, absorptions at 3410 and 3220 cm
-1
 are similar to those found in a salt hydrate 8 
and occur due to hydrate -OH stretching bands.
20
 9 
Gelatin spectrum showed several absorption bands in the amide band region: (i) an 10 
amide A peak appeared at 3428 cm
-1
 due to NH stretching; (ii) an amide I band mainly 11 
appeared at 1650 cm
-1
, which is primarily a C=O vibration coupled with CN stretch, 12 
CCN deformation and in-plane NH bending modes; (iii) an amide II band at 1553 cm
-1
 13 
was a result of coupling between out-of-phase CN stretch and in-plane NH deformation 14 
modes of the peptide group; and (iv) an amide III band appeared that was mainly 15 
associated with CH2 groups at 1240 cm
-1
.
21-23
 Other noticeable absorption bands were 16 
present at 3068 cm
-1
 due to CH stretching for aromatic rings and at 1457 cm
-1
 due to 17 
CH2 bending vibrations.
24
 18 
The infrared spectrum of clay mineral SWy-2 showed absorption bands at 3632 and 19 
3445 cm
-1
 due to the -OH stretching of hydroxyl groups, at 1644 cm
-1
 to -OH 20 
deformation of water and Si-O stretching at 1043 cm
-1
.
25
 With the exception of the latter 21 
absorption, the other bands were obscured after the interaction of the clay mineral with 22 
the protein. New features were also noticed for the clay-gelatin complex prepared at pH 23 
5, such as a shift of the absorption bands of gelatin from 3428 and 3068 cm
-1
 to 3330 24 
and 3082 cm
-1
, respectively. The shift of the NH stretching mode at approximately 3400 25 
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cm
-1
 to lower frequencies indicates the formation of hydrogen bonding, although the 1 
introduction of the clay mineral into the gelatin matrix did not substantially change the 2 
conformation of the protein, as revealed by the constant absorption due the amide I 3 
band, which is used as a fingerprint of the secondary structure of the protein (the 4 
frequency of this band at 1650 cm
-1
 implies aggregated helixes mixed with unordered 5 
coil structures). Therefore, the new band at 3330 cm
-1
 indicates the involvement of both 6 
side protein chains and clay sites in the formation of hydrogen bonds.  7 
Porcine skin gelatin typically contains approximately 28% glycine, 11% alanine, and 8 
24% iminoacids, such as proline and hydroxyproline. Basic Charged aminoacids, such 9 
as lysine and arginine, are also present in porcine skin gelatin; they account for 10 
approximately 8% of the total composition and are responsible for the high isoelectric 11 
point of gelatin type A.
26
 Hydroxilated aminoacids may be involved in the formation of 12 
hydrogen bonds; in addition, charged amino acids can be sorbed by electrostatic 13 
interactions on the negatively charged clay platelets. Parbhakar et al. 
27
 reported that the 14 
sorption of lysine on montmorillonite occurs through its protonated side-chain amino 15 
group. Electrostatic clay-gelatin interactions are reflected in the disappearance of the 16 
band at approximately 1506 cm
-1
 of gelatin, which is ascribed to charged amino side 17 
groups.
28
 The bands in the amide II region are very sensitive to the state of protein 18 
hydration, which would be shifted to higher wavenumbers with increasing levels of 19 
hydration.
29
 Therefore, the bands at 1553 and 1541 cm
-1
 indicated that the sorption of 20 
=NH2
+
 and –NH3
+
 groups occurred by retaining the water molecules coordinated to the 21 
basal plane of the clay, with the formation of hydrogen bonds on the surface of oxygen 22 
atoms, as reflected in the broad absorption band centred at 3300 cm
-1
. 23 
In contrast, aromatic moieties of the protein may interact with hydrophobic siloxane 24 
cavities of the montmorillonite, as reported previously for smaller molecules.
30-32
 The 25 
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infrared spectrum will be slightly modified, as revealed in the shift of the absorption due 1 
to aromatic ring vibration from 3068 to 3082 cm
-1
. 2 
Clay-gelatin-based-MCPA formulation prepared at pH 5 showed a different pattern 3 
relative to the clay-gelatin complex (SRpH5 in Figure 2). The herbicide was completely 4 
ionised at this pH (pKa=3.1). However, a new band was present at 1792 cm
-1
, which is 5 
typical of stretching vibrations of C=O groups, indicating the formation of hydrogen 6 
bonds between the carboxylic moieties of the herbicide and the amino side groups of the 7 
protein backbone. Moreover, the band at 1606 cm
-1
 due to the asymmetric vibration of 8 
carboxylate groups also appeared in the spectrum of the formulations was present but 9 
shifted to 1610 cm
-1
, indicating polyion complexation between positively charged 10 
protein side groups and anionic molecules of the herbicide. Both interaction 11 
mechanisms of MCPA (proton transfer and electrostatic interactions) within the clay-gel 12 
matrix were also observed in the formulations prepared at higher pH values (not 13 
shown). The intense peak at 1370 cm
-1
 was due to the anti-symmetrical stretching mode 14 
of NO3
-
 from acid addition during the preparation of the formulations; however, no 15 
addition was necessary for the formation of the clay-gel complex at pH 5.0, which 16 
showed an absence of this band. 17 
The introduction of glycerol greatly changed the spectrum of the formulation 18 
(SRpH5G30 in Figure 2). Glycerol produced a broader absorption in the 3600-3000 cm-19 
1
 region attributed to the OH stretching vibration that overlapped the NH stretching 20 
vibrations, and new bands at 2945 and 2883 cm
-1
 due to the CH stretching vibrations of 21 
CH2 and CH groups, respectively, were observed. The incorporation of glycerol 22 
modified the MCPA interactions in the clay-gelatin complex. The band at 1792 cm
-1
 23 
was maintained, and the band at 1606 cm
-1
 disappeared. Therefore, the introduction of 24 
the alcohol suppressed the strong electrostatic interactions of the herbicide within the 25 
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clay-gelatin matrix through the formation of hydrogen bonding. The weaker nature of 1 
the latter interaction would yield a larger fraction of leached herbicide from the 2 
formulations containing glycerol in release experiments (Table 2).  3 
 4 
3.3 DSC measurements  5 
DSC provides information on supramolecular interactions due to gelatin denaturation 6 
and therefore, on the degree of stability when introducing new agents into the gelatin 7 
matrix. Figure 3 shows the DSC curves of the gelatin, clay-gelatin complex and 8 
formulated products. Pristine gelatin showed four endothermic transitions at 117, 227, 9 
279 and 301ºC (Figure 3a). The transitions at 117 and 227ºC were due to devitrification 10 
of blocks rich in α-amino acids and imino acids, respectively. The transition at 279ºC 11 
might be related to the denaturation of other segments, whereas the peak at 301ºC was 12 
attributed to the melting-phase transition of gelatin.
33-34
 When the clay was introduced 13 
into the gelatin matrix, three transitions were clearly observed (Figure 3b). The 14 
transition for α-amino acids was shifted downward by 17ºC, whereas those for imino 15 
acids and the melting temperature increased by 35 and 15ºC, respectively. The hydrogen 16 
bonds necessary to maintain the integrity of the α-helix that occurred through the 17 
sequence of proline-glycine-hydroxyproline segments were partly disrupted by new 18 
contacts with the clay particles resulting in a weakening of the protein structure. 19 
Consequently, the transition for apolar amino acids was shifted to lower temperatures, 20 
whereas the new contacts for imino acids increased their devitrification temperature. In 21 
addition, the clay platelets restrict the movement of amino acid segments, which 22 
increased the gelatin melting temperature. 
33
  23 
The melting temperature of MCPA was 118ºC.
35
 In the presence of the herbicide 24 
(Figure 3c), a peak at 100ºC occurred due to both the lowest gelatin transition and the 25 
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MCPA melting. These events occurred at similar temperatures, which could cause their 1 
individual transition peaks to overlap. Gelatin melting temperature was shifted 2 
downward to 311ºC, which is closer to that of pristine gelatin, indicating that the 3 
presence of herbicide weakened the interactions of gelatin with clay particles within the 4 
clay-gelatin matrix. In contrast, glycerol addition increased the gelatin melting peak to 5 
326ºC (Figure 3d), which was close to the value observed for the clay-gelatin 6 
composite. This increase can be explained by the stabilisation of the gelatin structure 7 
through the new interactions with glycerol molecules via hydrogen bonding. 8 
 9 
3.4. Release of MCPA in water 10 
The herbicide was released much more slowly from the clay-gelatin formulations 11 
prepared at the lower pH than those prepared at higher pH values (Table 2). The water 12 
used was deionized water with a pH of 6.5, that it was maintained during the course of 13 
the experiment. Therefore, the release of the a.s. from the formulations for the sake of 14 
comparison was only due to the strength of interactions of MCPA retained within the 15 
clay-based composite but not to the water pH of the system. The released MCPA 16 
corresponded to 6.5% of the total added amount after 1 h for SRpH5, whereas larger 17 
amounts were observed for SRpH8.5 and SRpH10, accounting for 17.2 and 11.9%, 18 
respectively. This difference was even greater after 24 h. For all formulations, the 19 
herbicide was completely released after 48 h; this is of practical interest, as no fraction 20 
was bound irreversibly to the clay-gelatin matrix, and therefore, the full quantity of the 21 
herbicide included in each formulation is available for weed control. These results 22 
contrast with those by Kandil et al
19
 who reported extremely slow releases from gelatin-23 
based films (up to 25% after 60 days). A very slow release may not provide enough 24 
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bioactive substance for weed control under field conditions; hence, the necessity to test 1 
the goodness of the new formulations by simulation of field conditions. 2 
The highest release was obtained for the formulation prepared at a pH close to the pI of 3 
the protein (7.9-9.0). The labile fraction of MCPA would increase with increasing pH 4 
because the strong electrostatic interactions involved in the retention of the herbicide 5 
into the clay-gelatin matrix will be weakened. At a pH above the pI value, this effect is 6 
counteracted by the presence of mostly exfoliated clay particles acting as a barrier to the 7 
diffusion out of herbicide molecules. The clay particles are more dispersed into the clay-8 
gelatin matrix due to the excess of negative charges in the gelatin, thus yielding a larger 9 
repulsion among the clay particles. At pH close to pI, the fraction of clay particles 10 
remaining exfoliated decreases, whereas the agglomeration of clay particles increases.  11 
After it was determined that the slowest release was obtained for SRpH5, the effect of 12 
glycerol on MCPA release was studied. As shown in Table 2, the release of the 13 
herbicide was enhanced in the presence of glycerol. No significant difference in the 14 
released amounts was observed when the glycerol content was increased from 3 to 30%, 15 
which was approximately 3-fold larger after 1 h than the release from the formulation 16 
prepared without glycerol. As previously stated, glycerol modified the interaction of the 17 
herbicide within the clay-gelatin matrix by enhancing hydrogen bonding over stronger 18 
electrostatic interactions. In addition, glycerol release from the clay-gelatin network 19 
may be facilitated by its high water solubility and creation pathways that can favour the 20 
desorption of the herbicide.  21 
The influence of the glycerol on the clay-gelatin structure was studied using atomic 22 
force microscopy (Figure 4). The morphological characteristics of the clay-gelatin-23 
based formulations was clearly affected by the presence of the alcohol, exhibiting a 24 
smooth laminated structure that reflect its brittleness. A greater glycerol content resulted 25 
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in a smoother surface. However, in the absence of glycerol, the fracture surface was 1 
coarse indicating an improved toughness. The roughness of the fracture surface of the 2 
clay-gelatin-based formulation decreased from 206 nm for SRpH5 to 204 nm for 3 
SRpH5G3 and 177 nm for SRpH5G30. This indicated that glycerol was effectively 4 
acting as a plasticizer, as supported by the measurement of the Young´s modulus, which 5 
can be used as an index of the stiffness of an elastic material; these values decreased 6 
from 1.46 GPa for SRpH5 to 1.38 and 1.10 GPa for SRpH5G3 and SRpH5G30, 7 
respectively. 8 
 9 
3.5. Soil column experiments 10 
The objective of the soil column experiments was to track the mobility and bioactivity 11 
of the herbicide within a soil column profile under conditions similar to those found in 12 
Mediterranean regions. SRpH5 was selected for the comparison of its performance 13 
relative to the commercial formulation. SRpH5 was selected because it has the slowest 14 
herbicide release from the clay-based formulations, as reported above. In the course of 15 
these experiments, the volume of water added was approximately equivalent to the pore 16 
volume of the columns such that a small but negligible amount of MCPA was detected. 17 
As shown in Figure 5, the commercial formulation accumulated at the lowest depths (8-18 
16 cm), and only 7.9 ± 1.0% of the added amount remained in the upper layer. The clay-19 
protein formulation yielded lower recoveries at all depths compared to the commercial 20 
formulation, although the levels were only significantly different in the upper layer. In 21 
the 0-4 cm segment, the recovery from SRpH5 was 22.3 ± 2.3%, amounting to a 63% 22 
reduction in leaching.  23 
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Bioactivity experiments were preliminary performed in a separate experiment to 1 
determine the herbicidal activity of the clay-protein based-formulations applied at a 2 
field rate relative to that of the commercial formulations by measuring the inhibition of 3 
sunflower shoots with respect to a control. The results indicated that there was no 4 
difference in the bioactivity between the clay-protein based-formulations and the 5 
commercial product. Bioactivity assays were also used to assess the performance of the 6 
SRpH5 and commercial formulations in soil columns after leaching events in the first 7 
two soil layers, which are of practical interest for weed control. The bioactivity results 8 
paralleled those of the leaching experiment (Figure 6). The inhibition in the 0-4 cm 9 
segment was 4-fold greater for SRpH5 relative to the commercial formulation, whereas 10 
no significant difference between the formulations was observed in the deeper layer. 11 
 12 
4. 4. CONCLUSIONS 13 
This study explores alternative materials to improve the efficiency of commercial 14 
formulations of acidic herbicides such as MCPA. In future work, the substitution of 15 
chemicals as surfactants may be used in commercial formulations with this new type of 16 
materials. The results of this study demonstrate that use of adsorbent materials 17 
composed of gelatin and clay is suitable from both an economic and an experimental 18 
perspective. In soil column experiments, a four-fold reduction in the applied dose from 19 
a clay-gelatin based formulation may be as effective as the commercial formulation. 20 
The low costs of the raw materials also make these formulations economically 21 
advantageous. Gelatin production has been scaled-up and is currently sold as a technical 22 
reagent for numerous applications (e.g., fertilisers, abrasive manufacturing and wine 23 
clarification). In addition, the main auxiliary components of the formulation are 24 
environmentally friendly (non-toxic).  25 
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The use of these materials for herbicide formulations requires the optimisation of the 1 
reaction conditions for their preparation. The influence of several parameters such as pH 2 
and the presence or absence of glycerol, clearly determines their further performance. 3 
However, no general guidelines can be established a priori regarding their preparation. 4 
For example, the use of a pH above the pI of the protein appears to weaken the 5 
molecular interactions of the herbicide within the clay-polymer structure, thereby 6 
facilitating its release; however, this effect can be counteracted by the presence of 7 
exfoliated clay particles that act as a barrier. The use of glycerol, which improves 8 
sorption on the clay platelets and, therefore, the interaction of gelatin molecules, can 9 
suppress the stabilizing interactions of the herbicide within the clay-gelatin matrix.  10 
This preliminary study showed the feasibility of the use of clay-protein complexes for 11 
the development of SRFs of highly water soluble herbicides aimed at reduced leaching 12 
and improved bioefficacy; however, further studies should be still conducted for the 13 
final design of a formulation that fulfills the current FAO/CIPAC standards for 14 
registration (suspensibility of composite particles, stability, the needs of introduction of 15 
a rheological modifier or surfactant, etc.).  On the other hand, this system can also 16 
provide valuable insight into the reduction of volatilization losses of herbicides when 17 
incorporated into the clay-based composite by decreasing the vapor pressure. This is of 18 
particular interest for very volatile herbicides such as MCPA.  19 
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Table 1. Clay-gelatin formulations. 1 
pH Glycerol 
added 
(w:w%) 
Notation of 
formulation 
Active 
substance 
(w:w%) 
5 - SRpH5 12.7±0.4 
5 3 SRpH5G3 10.9±0.7 
5 30 SRpH5G30 9.1±0.1 
8.5 - SRpH8.5 11.0±0.4 
10 - SRpH10 9.3±0.9 
 2 
3 
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Table 2. Water release of MCPA from clay-protein formulations expressed as percent of 1 
the added amount.
1
 2 
 Time 
 1 h 24 h 48 h 
SRpH5 6.5G 60.6D 98.0A 
SRpH8.5 17.2F 83.0B 99.9A 
SRpH10 11.9F 70.1C 99.3A 
SRpH5G3 30.7E 68.7C 98.3A 
SRpH5G30 26.2E 71.9C 98.1A 
1
 Means followed by the same letter indicate that the formulation, incubation time and 3 
amount released were not significantly different according to Student´s multiple range 4 
test at P=0.05. 5 
 6 
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Figure captions 1 
Figure 1. Chemical structure Structural composition of MCPA. 2 
 3 
Figure 2. Infrared spectra of MCPA, clay, gelatin, clay-gelatin composite and herbicide 4 
formulations. A higher-resolution depiction of the peaks located in the 1500 cm
-1
 region 5 
is shown in the inserts in “Clay-gelatin pH 5.0” and SRph5G30. 6 
 7 
Figure 3. DSC thermograms of (a) gelatin, (b) clay-gelatin composite, (c) SRpH5 and 8 
(d) SRpH5G30. 9 
 10 
Figure 4. Topographical AFM images of formulations prepared at pH 5 in the absence 11 
and presence of glycerol: a) 0% glycerol (SRpH5); b) 3% (SRpH5G3); and c) 30% 12 
(SRpH5G30). 13 
 14 
Figure 5. Percentage of MCPA retained in soil column experiments along a depth 15 
profile after 70 mm of rain. Means followed by the same letter indicate that the 16 
formulation and depth were not significantly different according to Student’s multiple 17 
range test at P=0.05. Vertical bars indicate the standard errors.  18 
 19 
Figure 6. Herbicidal activity in the upper segments of soil columns with different 20 
MCPA formulations. Means followed by the same letter indicate that the formulation 21 
and depth were not significantly different according to Student’s multiple range test at 22 
P=0.05. Vertical bars indicate the standard errors.  23 
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